We present a study of the mass-metallicity (M − Z) relation and H II region physical conditions in a sample of 20 star-forming galaxies at 1.0 < z < 1.5 drawn from the DEEP2 Galaxy Redshift Survey. We find a correlation between stellar mass and gas-phase oxygen abundance in the sample and compare it with the one observed among UV-selected z ∼ 2 star-forming galaxies and local objects from the Sloan Digital Sky Survey (SDSS). This comparison, based on the same empirical abundance indicator, demonstrates that the zero point of the M − Z relationship evolves with redshift, in the sense that galaxies at fixed stellar mass become more metal-rich at lower redshift. Measurements of [O III]/Hβ and [N II]/Hα emission-line ratios show that, on average, objects in the DEEP2 1.0 < z < 1.5 sample are significantly offset from the excitation sequence observed in nearby H II regions and SDSS emission-line galaxies. In order to fully understand the causes of this offset, which is also observed in z ∼ 2 star-forming galaxies, we examine in detail the small fraction of SDSS galaxies that have similar diagnostic ratios to those of the DEEP2 sample. Some of these galaxies indicate evidence for AGN and/or shock activity, which may give rise to their unusual line ratios and contribute to Balmer emission lines at the level of ∼ 20%. Others indicate no evidence for AGN or shock excitation yet are characterized by higher electron densities and temperatures, and therefore interstellar gas pressures, than typical SDSS star-forming galaxies of similar stellar mass. These anomalous objects also have higher concentrations and star formation rate surface densities, which are directly connected to higher interstellar pressure. Higher star formation rate surface densities, interstellar pressures, and H II region ionization parameters may also be common at high redshift. These effects must be taken into account when using strong-line indicators to understand the evolution of heavy elements in galaxies. When such effects are included, the inferred evolution of the M − Z relation out to z ∼ 2 is more significant than previous estimates.
1. INTRODUCTION The abundance of heavy elements in the H II regions of galaxies reflects the past history of star formation and the effects of inflows and outflows of gas. A characterization of the evolution of chemical abundances for galaxies of different masses is therefore essential to a complete model of galaxy formation that includes the physics of baryons (De Lucia et al. 2004; Finlator & Dave 2007) . Important observational constraints for such models come from determining the scaling relations at different redshifts among galaxy luminosity, stellar mass, and metallicity, which, for star-forming galaxies, typically consists of the oxygen abundance. However, one of the key challenges is to take the observationally measured 1 Based, in part, on data obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California, and NASA, and was made possible by the generous financial support of the W.M. Keck Foundation.
2 Alfred P. Sloan Fellow 3 David and Lucile Packard Fellow 4 Hubble Fellow quantities, i.e. strong, rest-frame optical emission-line ratios, and connect them with the physical quantity of interest, i.e. oxygen abundance.
In the local universe, Tremonti et al. (2004) have used a sample of ∼53,000 emission-line galaxies from the Sloan Digital Sky Survey (SDSS) to investigate the luminositymetallicity (L − Z) and mass-metallicity (M − Z) relationships. For this sample, metallicities were estimated on the observed spectra of several strong emission lines, including [O II] λλ3726, 3729, Hβ, [O III]λλ5007, 4959, Hα, [N II] λλ6548, 6584, and [S II] λλ6717, 6731. At increasing redshifts, as the strong rest-frame optical emission lines shift into the near-IR, metallicities are typically based on smaller subsets of strong emission lines through the use of empirically calibrated abundance indicators (e.g. Pettini & Pagel 2004; Pagel et al. 1979) . Much progress has been made recently in assembling large samples of star-forming galaxies with abundance measurements at both intermediate redshift (Kewley & Dopita 2002; Savaglio et al. 2005 ) and at z > 2 (Erb et al. 2006a ). However, we have only begun to gather chemical abundance measure- NOTE. -Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes and arcseconds.
ments for galaxies at z ∼ 1 − 2 (Maier et al. 2006; Shapley et al. 2005, hereafter Paper I,) . In this work, we continue our efforts to fill in the gap of chemical abundance measurements during this important redshift range, which hosts the emergence of the Hubble sequence of disk and elliptical galaxies (Dickinson 2000) , and the buildup of a significant fraction of the stellar mass in the universe (Drory et al. 2005; Dickinson et al. 2003) prior to the decline in global star formation rate (SFR) density (Madau et al. 1996) . Chemical abundances for high-redshift galaxies are commonly estimated using locally calibrated empirical indicators. Yet it is crucial to recognize the fact that a considerable fraction of the z ∼ 1 and 2 galaxies with measurements of multiple rest-frame optical emission lines do not follow the local excitation sequence described by nearby H II regions and starforming galaxies in the diagnostic diagram featuring the [O III] λ5007/Hβ and [N II] λ6584/Hα emission-line ratios (Paper I; Erb et al. 2006a ). On average, the distant galaxies lie offset towards higher [O III] λ5007/Hβ and [N II] λ6584/Hα, relative to local galaxies. As discussed in Paper I and Groves et al. (2006) , several causes may account for this offset, in terms of the prevailing physical conditions in the H II regions of high-redshift galaxies. The relevant conditions are H II region electron density, hardness of the ionizing spectrum, ionization parameter, the effects of shock excitation, and contributions from an active galactic nucleus (AGN). It is still unclear which of these are most important for determining the emergent spectra of high-redshift galaxies. Understanding this offset in emission-line ratios is important, not only because it provides evidence that physical conditions in the high redshift universe are different from the local ones, but also because the application of an empirically calibrated abundance indicator to a set of H II regions or star-forming galaxies rests on the assumption that these objects are similar, on average, to those on which the calibration is based.
In this sense, the current work is also motivated by the interpretation of the offset in emission-line ratios among distant galaxies, and an assessment of the reliability of using local abundance calibrations for high-redshift star-forming galaxies. Instead of focusing on high-redshift objects, another approach is to study the properties in a class of nearby objects, which exhibit similar offset behavior on the emission-line diagnostic diagram. Unravelling the relations between the physical conditions and unusual diagnostic line ratios for such objects aids the understanding of high-redshift galaxies. The SDSS, with its rich set of photometric and spectroscopic information, provides an ideal local comparison sample.
In this paper we expand on the analysis presented in Paper I, with an enlarged sample of DEEP2 star-forming galaxies observed with NIRSPEC on the Keck II telescope. The larger number of DEEP2 objects with near-IR observations enforces the conclusions drawn in the previous work. Furthermore, our detailed study of nearby SDSS objects with similar emissionline diagnostic ratios leads to a clearer physical explanation of the observed properties of the DEEP2 galaxies. The DEEP2 sample, near-IR spectroscopic observations, data reduction, and measurements are described in §2. We present the oxygen abundances derived from measurements of [O III], Hβ, Hα, and [N II] emission lines in both individual as well as composite spectra in §3. The mass-metallicity relationship and its evolution through cosmic time are discussed in §4. In §5 we investigate differences in z ∼ 1.0 − 1.5 H II region physical conditions with respect to local samples by examining nearby SDSS galaxies with similar emission-line diagnostic ratios. Finally, we summarize our main conclusions in §6. A cosmology with Ω m = 0.3, Ω Λ = 0.7, and h = 0.7 is assumed throughout.
DEEP2 SAMPLE, OBSERVATIONS, AND DATA REDUCTION

DEEP2 Target Sample and Near-IR Spectroscopy
The high-redshift galaxies presented in this paper are drawn from the DEEP2 Galaxy Redshift Survey (hereafter DEEP2; Davis et al. 2003; Faber et al. 2007 ), which contains > 30, 000 galaxies with high-confidence redshifts at 0.7 ≤ z ≤ 1.5 down to a limiting magnitude of R AB = 24.1. The motivation for our follow-up near-infrared spectroscopic program, along with detailed descriptions of the sample selection, optical and near-IR photometry, and spectroscopy are presented in Paper I. Only a brief overview is given here.
The new sample contains four galaxies at z ∼ 1.0 and four galaxies at z ∼ 1.4, which, in combination with the pilot program presented in Paper I, leads to a sample of 20 galaxies in total. These galaxies are located in fields 2, 3, and 4 of the DEEP2 survey, at 16, 23, and 2 hr right ascension, respectively. To probe chemical abundances and H II region physical conditions, observations of several strong H II region emission lines are required, ideally at least [O II], Hβ, [O III], Hα, and [N II] . At z ≥ 0.85, however, the only strong H II region emission feature contained in the DEEP2 DEIMOS spectroscopic data is the [O II] doublet. Therefore, near-IR spectroscopy is needed to measure longer wavelength H II region emission lines at z ≥ 1. We target two narrow redshift windows within the larger DEEP2 redshift distribution: 0.96 ≤ z ≤ 1.05 and 1.36 ≤ z ≤ 1.50, within which it is possible to measure the full set of Hβ, [O III], Hα, and [N II] , in spite of the bright sky lines and strong atmospheric absorption in the near-IR.
The absolute B magnitude, M B , and stellar mass estimates are given in Tables 1 and 2 for the new objects and plotted as red squares in the lower panels of Figure 1 , together with the FIG. 1.-DEEP2 color-magnitude and magnitude-stellar mass diagrams. The rest-frame (U − B) vs. M B color-magnitude diagrams (top) and the M B vs. stellar mass diagrams (bottom) are for DEEP2 galaxies at 0.96 ≤ z ≤ 1.05 (left) and 1.36 ≤ z ≤ 1.50 (right). In each plot, DEEP2 galaxies from both the pilot sample presented in Paper I as well as objects with new NIRSPEC observations are indicated with red squares. As shown here, all NIRSPEC targets were drawn from the "blue cloud" of the color bimodality. . data for the pilot sample. For all the objects, we use the M B values from Willmer et al. (2006) based on optical data alone and confirm their good agreement with estimates based on fits to the BRIK S SEDs that span through rest-frame J (I) band for the objects at z ∼ 1.0 (z ∼ 1.4). Stellar masses for the objects in our sample are derived with K S -band photometry, following the procedure outlined in Bundy et al. (2005) , which assumes a Chabrier (2003) stellar initial mass function (IMF). As discussed in detail in Paper I, the Bundy et al. (2005) stellar mass modelling technique agrees well with that used by Kauffmann et al. (2003b) for SDSS galaxies, based on both spectral features and broadband photometry. Stellar masses for galaxies in the pilot sample have been updated to reflect both the most current DEEP2 near-IR photometric catalog, and population synthesis models limiting the stellar population age to be younger than the age of the Universe at z ∼ 1. Thus, in a few cases, the stellar masses differ slightly from those presented in Table ( 2) of Paper I. As shown in the lower panels of Figure ( 1), the z ∼ 1.4 galaxies in our sample span the full range of absolute B luminosities in the DEEP2 survey, from M B ∼ -20 to -23, while the smaller set of z ∼ 1.0 galaxies happens to cover the faint end of the luminosity function. Galaxies in both redshift intervals cover more than an order of magnitude in stellar mass and therefore should be able to probe an interesting dynamic range. Since our goal was to study the emission-line properties of galaxies, all objects in our sample lie in the blue component of the observed (U − B) color bimodality in the DEEP2 survey, as shown in the upper panels of Figure 1 .
The near-IR spectra were obtained on 2005 September 17 and 18 with the NIRSPEC spectrograph (McLean et al. 1998) on the Keck II telescope. Over the range of redshifts of the galaxies presented here, two filter setups are required to measure the full set of Hβ, [O III], Hα, and [N II] . For objects at z ∼ 1.4, the NIRSPEC 5 filter (similar to H band) is used to observe Hα and [N II], whereas the NIRSPEC 3 filter (similar to J band) is used for Hβ and [O III]. For objects at z ∼ 1.0, the NIRSPEC 3 filter is used to observe Hα and [N II], whereas the NIRSPEC 1 filter (∆λ = 0.95-1.10 µm) is used for Hβ and [O III]. All targets were observed for 3×900 s in each filter with a 0.76 ′′ ×42 ′′ long slit. The spectral resolution determined from sky lines is ∼ 10 for all four NIRSPEC filters used here. Photometric conditions and seeing were variable throughout both nights, with seeing ranging from 0.5 ′′ to 0.7 ′′ in the near-IR. In order to enhance the long-slit observing efficiency, we targeted two galaxies simultaneously by placing them both on the slit. We observed a total of 10 DEEP2 galaxies, successfully measuring the full set of Hβ, [O III], Hα, and [N II] for eight out of 10. For the remaining pair, we only detected Hα in the H band, but no Hβ nor [O III] in the J-band exposures, in which the background in between sky lines was characterized by a significantly higher level of continuum than usual. This anomalous background is likely due to an increased contribution from clouds, which may have affected both H-and Jband observations of the pair. Since a clear measurement was not obtained for these two objects, due to variable weather conditions, we exclude them from our study. The object, 42021652, has a double morphology, with one component dominated by emission lines with a weak continuum, and another component dominated by strong continuum, with only weak emission lines at roughly the same redshift. The separation between the two components on the sky is ∼0.9 ′′ , which corresponds to ∼8 kpc at z = 1.3984, perhaps indicative of a merger event. This interpretation is supported by the small ve- b Oxygen abundance deduced from the N2 relationship presented in Pettini & Pagel (2004) . c Oxygen abundance deduced from the O3N2 relationship presented in Pettini & Pagel (2004 Kennicutt (1998) , and divided by a factor of 1.8 to convert to a Chabrier (2003) IMF from the Salpeter IMF assumed by Kennicutt (1998) . Note that SFRs have not been corrected for dust extinction or aperture effects, which may amount to a factor of 2 difference (Erb et al. 2006b ). f Stellar mass and uncertainty estimated using the methods described in Bundy et al. (2005) , and assuming a Chabrier (2003) IMF. g This object has a double morphology. The separation between the two components is about 0.9
′′
, which corresponds to ∼8 kpc at z = 1.3984. We measured line fluxes for the emission-line-dominated component, but do not have a robust estimate of the corresponding stellar mass. In the DEEP2 photometry the two components were counted as one source, and the resulting stellar-mass estimate has contribution from both components. We therefore do not include this stellar mass estimate in our sample. locity difference of ∆v ∼ 125 km s −1 between the two components. We measure line fluxes for the component dominated by emission lines, since it provides a more robust estimate of line ratios. Deblended optical and near-infrared magnitudes would be required to obtain robust stellar masses for the individual components. However, in the DEEP2 photometry the two components were counted as one source since they are too close to be deblended and the stellar mass has contribution from both of them. For now, we only include flux measurements of the emission-line component for the diagnosticline-ratio analysis but do not include this object in the massmetallicity studies. A summary of the observations including target coordinates, redshifts, and optical and near-IR photometry is given in Table 1 .
Data Reduction and Optimal Background Subtraction
Data reduction was performed with a similar procedure to the one described in Paper I and Erb et al. (2003) , with the exception of an improved background subtraction method applied to the two-dimensional galaxy spectral images (Kelson 2003; Becker 2006, private communication) . In the custom NIRSPEC long-slit reduction package written by D. G. Becker (2006, private communication) , optimal background subtraction is performed on the unrectified science frames. First, a transformation is calculated between CCD (x, y) coordinates and those of slit position and wavelength, using the wavelength-dependent traces of bright standard stars and the spatially dependent curves of bright sky lines. Then a two-dimensional model of the sky background is constructed as a function of slit position and wavelength, using a loworder polynomial in the slit-position dimension, and a b-spline function in the wavelength dimension. This two-dimensional model is iteratively fit in the differenced frame of adjacent science exposures and subtracted from the unrectified data. After background subtraction, cosmic rays were removed from each exposure, which was then rotated, cut out along the slit, and rectified. Finally, all background-subtracted, rectified exposures of a given science target were combined in two dimensions. This new approach to reducing NIRSPEC spectra results in fewer artifacts around bright sky lines and cosmic rays, which are commonly introduced when rectification is performed before sky subtraction and cosmic-ray zapping. One-dimensional spectra, along with error spectra, were then extracted and flux-calibrated using A-star observations, according to the procedure described in Paper I and Erb et al. (2003) .
Measurements and Physical Quantities
One-dimensional, flux-calibrated NIRSPEC spectra along with the 1 σ error spectra of galaxies in our new sample are shown in Figures 2 and 3 . Emission-line fluxes and uncertainties measured from the one-dimensional spectra are given in Table 2 . Hα and [N II] λ6584 emission-line fluxes were determined by first fitting a Gaussian profile to the Hα feature to obtain the redshift and FWHM, and using these values to constrain the fit to the [N II] emission line. This method is based on the assumption that the Hα and [N II] lines have exactly the same redshift and FWHM, with the Hα line having a higher signal-to-noise ratio (S/N). For most of the objects in our sample, the [N II] λ6548 line was too faint to measure.
[O III] λ5007 and Hβ fluxes were determined with independent fits. In most cases, redshifts from Hα, [O III] λ5007, and Hβ agree to within ∆z = 0.0004 (∆v = 50 − 60 km s −1 at z = 1.0 − 1.4). For the object 42021412, [O III] λ5007 lies on top of a bright sky line, and only a lower limit is given.
SFRs inferred from Hα luminosities using the calibration of Kennicutt (1998) are shown in Table ( 2). The results have been converted from the Salpeter IMF used by Kennicutt (1998) (1.2 × 10 −16 ), corresponding to a star formation rate of 3 (6) M ⊙ yr −1 , uncorrected for dust extinction or aperture effects, which may amount to a factor of 2 difference (Erb et al. 2006b ). Note that these characteristic Hα star formation rates, after being corrected for aperture effects, would be significantly higher than those of local galaxies in the SDSS sample of Tremonti et al. (2004) and the z = 0.4 TKRS subsample of Kobulnicky & Kewley (2004) , even before correction for dust extinction. We also note that the mean specific SFR for both z ∼ 1.0 and z ∼ 1.4 samples is log((SFR/M ⋆ ) yr −1 ) = −9.7. As discussed in Paper I, absolute line flux measurements suffer from several sources of systematic error, which can amount to at least a ∼ 25% uncertainty (Erb et al. 2003) . This level of uncertainty is present even under photometric conditions, which may not have applied through the full extent of our observations. For the remainder of the discussion we therefore focus on the measured line ratios, [ H II region metallicity is an important probe of galaxy formation and evolution, as it represents the integrated products of past star formation, modulated by the inflow and outflow of gas. Oxygen abundance is often used as a proxy for metallicity since oxygen makes up about half of the metal content of the interstellar medium and exhibits strong emission lines from multiple ionization states in the rest-frame optical that are easy to measure. For comparison, we use the solar oxygen abundance expressed as 12 + log(O/H) = 8.66 (Allende Prieto et al. 2002; Asplund et al. 2004) .
The most robust way to estimate the oxygen abundance is the so-called direct T e method, based on the measurement of the temperature-sensitive ratio of auroral and nebular emission lines. However, in distant galaxies the auroral lines are almost always undetectable (but see Hoyos et al. 2005; Kakazu et al. 2007 ) since they become extremely weak at metallicities above ∼0.5 solar. Even at lower metallicities, the auroral lines are typically beyond the reach of the low S/N typical of the spectra of distant galaxies. For distant starforming galaxies, therefore, measuring strong emission-line ratios is the only viable way of obtaining the H II region gasphase oxygen abundance (Kobulnicky et al. 1999; Pettini et al. 2001) .
Given our NIRSPEC data set, and our desire to avoid the systematic uncertainties entailed in adding [O II] Pettini & Pagel (2004) using local H II regions, most of which have direct T e abundance determinations. The sensitivity of the indicators to oxygen abundance, as well as their limitations, have been discussed in Pettini & Pagel (2004) and Paper I. Absolute estimates of metal abundances are quite uncertain, as abundances determined with different indicators or with different calibrations of the same indicator may have substantial biases or discrepancies (e.g. Kennicutt et al. 2003; Kobulnicky & Kewley 2004) . We therefore emphasize relative abundances determined with the same method, using the same calibration.
The N2 indicator, pointed out by several works (StorchiBergmann et al. 1994; Raimann et al. 2000; Denicoló et al. 2002) , is related to the oxygen abundance via
which is valid for 7.50 < 12 + log(O/H) < 8.75, with a 1 σ scatter of ±0.18 dex (Pettini & Pagel 2004) . It has been used by Erb et al. (2006a) to estimate oxygen abundances for UVselected z ∼ 2 galaxies. Note that the N2 indicator is not sensitive to increasing oxygen abundance above roughly solar metallicity, as shown with photoionization models (Kewley & Dopita 2002 
which is valid for 8.12 < 12 + log(O/H) < 9.05, with a 1 σ scatter of ±0.14 dex. Table 2 lists oxygen abundances derived using these two indicators. The errors on the oxygen abundances are dominated by the systematic uncertainties in the calibrations of the indicators.
3.1. Composite Spectra Relative, average abundances determined from composite spectra can be more accurately determined than those from individual spectra. As discussed by Erb et al. (2006a) , making a composite spectrum not only reduces the uncertainties associated with the strong-line calibration by a factor N 1/2 , where N is the number of objects included in the composite spectrum, but also enhances the spectrum S/N since sky lines generally lie at different wavelengths for spectra at different redshifts. In addition, one of our goals is to determine the average properties of subgroups of galaxies in our sample. For the subset of 18 galaxies in our sample with Hα and [N II] measurements, as well as stellar mass estimates, we divide the sample into four bins by stellar mass, with two bins at z ∼ 1.0 and two bins at z ∼ 1.4. For the subset of 12 galaxies with measurements of not only Hα and [N II], but also Hβ and [O III], we also divide the sample into four bins by stellar mass with two bins each at z ∼ 1.0 and at z ∼ 1.4.
To make the composite spectra, we first shift the individual one-dimensional flux-calibrated spectra into the rest frame and then combine them by generating the median spectrum, which preserves the relative fluxes of the emission features (Vanden Berk et al. 2001) . We use N2 and N2+O3 composite spectra to refer to the composites with Hα and [N II], and those with all four lines, respectively. The N2 and N2+O3 composite spectra, labelled with mean stellar mass in each bin, are shown in Figures 4 and 5. The corresponding emission-line flux ratios along with uncertainties measured from the composite spectra, as well as the inferred oxygen abundances, are listed in Tables 3 and 4 . The listed errors in 12 + log(O/H) include the uncertainties from the propagation of emission-line flux measurements, as well as the systematic scatter from the strong-line calibration. As shown in paper I, the systematic discrepancies between the N2-and O3N2-based abundances are mainly due to the fact that, on average, DEEP2 galaxies are offset from the excitation sequence formed by local H II regions and star-forming galaxies. We discuss this issue in detail in §5.
THE MASS-METALLICITY RELATION
The redshift evolution of the luminosity-metallicity and mass-metallicity relations provides important constraints on models of galaxy evolution. A correlation between gas-phase metallicity and stellar mass can be explained by either the tendency of lower mass galaxies to have larger gas fractions and lower star formation efficiencies (McGaugh & de Blok 1997; Bell & de Jong 2000; Kobulnicky et al. 2003) , or the preferential loss of metals from galaxies with shallow potential wells by galactic-scale winds (Larson 1974 ). In the local universe, strong correlations between rest-frame optical luminosity and the degree of chemical enrichment have been observed in both star-forming and early-type galaxies (Garnett & Shields 1987; Brodie & Huchra 1991; Tremonti et al. 2004 ). The correlation has also been observed in intermediate-and high-redshift samples ( , although caution must be taken when comparing samples with metallicities determined from different methods. Physically, the correlation between stellar mass and metallicity is more fundamental than that between luminosity and metallicity (Paper I; Tremonti et al. 2004; Erb et al. 2006a ). We therefore focus on the massmetallicity relation in the following discussion.
The left panel of Figure 6 shows the average metallicity of the galaxies in each mass bin determined from the N2 composite spectra plotted against their average stellar mass at z ∼ 1.0 (open diamonds) and at z ∼ 1.4 (open squares). Although our sample is still small, we do see evidence for mass-metallicity relations at both z ∼ 1.0 and z ∼ 1.4. These trends are also present when we examine the metallicities and stellar masses for individual objects, which are plotted in the figure as well. For comparison, the local SDSS galaxies discussed by Tremonti et al. (2004) are denoted by contours and dots 5 and the z ∼ 2 Erb et al. (2006a) sample as open circles. Metallicities for SDSS galaxies were calculated using the same strong-line indicator that was applied to the DEEP2 galaxies and not the Bayesian O/H estimate from Tremonti et al. (2004) .
At fixed stellar mass, the metallicities of our z ∼ 1.0 − 1.5 sample as a whole are lower than those of local galaxies yet higher than those of the z ∼ 2 sample. However, there is evidence for a reverse trend between the subsets of our sample at z ∼ 1.0 and at z ∼ 1.4. In Paper I, this difference was attributed to the fact that the z ∼ 1.0 sample was on average fainter and less massive than the z ∼ 1.4 sample. With a larger sample, however, we find that the higher mass z ∼ 1.0 bin does have lower metallicity than the lower mass z ∼ 1.4 bin. Differences in outflow or inflow rate of unenriched gas at z ∼ 1.0 and at z ∼ 1.4 could give rise to this trend. However, the interval in cosmic time between z ∼ 1.4 and 1.0 is small enough that typical gas inflow rates at fixed stellar mass, and the corresponding star formation and outflow rates, will not significantly evolve. Therefore, this explanation is not a likely cause of the reverse trend. A different average degree of dust reddening at z ∼ 1.0 and at z ∼ 1.4 is also not a likely cause, since the N2 indicator is based on emission lines with very close spacing in wavelength. On the other hand, if the z ∼ 1.0 galaxies have systematically different physical conditions or less significant contributions from AGN activity relative to the z ∼ 1.4 objects, metallicities estimated with the same calibration would be systematically biased between the two samples in such a way to produce the observed trend. As discussed in §5, we propose that the most likely cause for the reverse trend is this difference in H II region physical conditions. Since the systematic uncertainty from strong-line calibration is large, and our sample is still too small to draw any solid conclusion, it will become feasible to clarify this issue only when a statistically large enough sample is assembled, and both the high-and low-mass ends are spanned at z ∼ 1.0 as well as at z ∼ 1.4.
We also plot the mass-metallicity relation from the N2+O3 composite spectra in Figure 6 , where the left panel shows metallicities determined from the N2 indicator, while the right panel shows those determined from the O3N2 indicator, at both z ∼ 1.0 (filled diamonds) and z ∼ 1.4 (filled squares). The O3N2-based abundances are systematically lower than those based on N2. As suggested in Paper I and discussed in detail in §5, these systematic discrepancies between N2-and O3N2-based abundances are due to the fact that DEEP2 galaxies depart from the local H II region excitation sequence. In addition, the reverse trend between z ∼ 1.0 and 1.4 in metallicity estimated from O3N2 is much less significant than the one in metallicity estimated from N2. We return to this issue as well in §5. Despite these discrepancies, the overall correlation between average stellar mass and metallicity observed among the N2 composite spectra is still present for the N2+O3 spectra. This is evidence that the correlation is insensitive to the spectrum of any particular object, as it is robust to analyses using different binning schemes. At the lower mass end (M ⋆ ∼ 8 × 10 9 M ⊙ ), the average metallicity of z ∼ 1.0 − 1.5 galaxies based on N2 is at least 0.22 dex lower than the local typical value. Since the N2 indicator saturates near solar abundance, as discussed in Erb et al. (2006a) , it is difficult to determine the true metallicity offset between two samples at different redshifts using this indicator. We can also determine the offset from the O3N2-based abundances, particularly near the solar abundance. Based on O3N2 abundances, the metallicity offset between our DEEP2 objects and the local SDSS sample is at least 0.21 dex at the high-mass end (M ⋆ ∼ 5×10 10 M ⊙ ). However, as we discuss in §5, these estimates based on strong-line indicators may still be subject to systematic uncertainties from using the calibration of H II regions with significantly different physical properties.
THE OFFSET IN DIAGNOSTIC LINE RATIOS OF HIGH-REDSHIFT GALAXIES
Emission-Line Diagnostics
There is evidence that physical conditions in the H II regions of high-redshift galaxies hosting intense star formation are different from those of local H II regions (Paper I). The most common method for probing H II region physical conditions, and discriminating between star-forming galaxies and AGNs, is based on the positions of objects in the Baldwin, Phillips, & Terlevich (1981) Osterbrock & Pogge (1985) , Veilleux & Osterbrock (1987) , Kewley et al. (2001a, hereafter Ke01) , and Kauffmann et al. (2003a, hereafter Ka03) . A considerable fraction of highredshift star-forming galaxies at both z ∼ 1 (paper I) and z ≥ 2 (Erb et al. 2006a) offset have been discussed in Paper I, including differences in the ionizing spectrum, ionization parameter, electron density, and the effects of shocks and AGNs.
In A subset of emission-line objects from SDSS are also shown as grey contours and dots for comparison. The dotted curve is from Ke01, representing a theoretical upper limit on the location of star-forming galaxies in the diagnostic diagram. The dashed curve is from Ka03 and serves as an empirical discriminator between star-forming galaxies and AGNs. On average, the Hα flux of galaxies below this curve should have < 1% contribution from AGNs ). The effect observed in Paper I is still present in our larger sample, in the sense that the z ∼ 1.0 − 1.4 sample is, on average, significantly offset from the excitation sequence formed by star-forming galaxies from SDSS. Furthermore, the average offset for the z ∼ 1.4 objects is larger than for those at z ∼ 1.0. A similar, if not stronger, effect is observed in star-forming galaxies at z ∼ 2 (Erb et al. 2006a) . As discussed in Paper I, unaccountedfor stellar Balmer absorption is not the explanation for the off- Errors show the uncertainties propagated from the strong-line ratio measurement, while the systematic uncertainties from the strong-line method calibration (Pettini & Pagel 2004 ) are shown in the lower right corner of each plot as dotted (solid) error bars for N2 (N2+O3) composite spectra. The systematic uncertainties from the calibration are reduced by a factor N 1/2 , where N is the number of individual spectra included in each composite. For stellar masses, the horizontal bars give the mass range in each bin. Data points for individual objects are shown as filled triangles and circles for z ∼ 1.0 and z ∼ 1.4, respectively. Associated error bars are listed in Table 2 in both this paper and in Paper I. For comparison, metallicities as a function of stellar mass are also shown, for both local SDSS galaxies (grey contours and dots) and the Erb et al. (2006a) z ∼ 2 sample (grey open circles, left panel). Note that here and throughout, we use contours and dots to show SDSS objects. On each such applicable plot, SDSS data points were mapped onto 10 evenly spaced levels according to number density, where objects on the lowest level are denoted by dots while other levels are presented by contours. Solar metallicity is marked with a horizontal dashed line. It can be seen that the N2 indicator saturates near the solar abundance. Pettini & Pagel (2004) . c Oxygen abundance deduced from the O3N2 relationship presented in Pettini & Pagel (2004) .
sets in emission-line ratios, since the corrections would shift the DEEP2 galaxies by no more than 0.1 dex downward and by an insignificant amount in [N II]/Hα. Isolating the causes of the offset of the high-redshift samples from the local excitation sequence on the diagnostic diagram will provide important insight into the physical conditions in distant star-forming galaxies. These conditions also comprise an essential systematic factor determining the emergent strong emission-line ratios and associated calibration of chemical abundances. Unfortunately, we do not currently have a large high-redshift sample with available additional spectral features, stellar population parameters, and morphological information, which is needed for a direct study of how the diagnostic line ratios vary as functions of galaxy properties. However, as seen in Figure 7 , while only a tiny fraction of the SDSS galaxies reside in the region of BPT parameter space inhabited by our most extremely offset high-redshift galaxies, in between the star-forming excitation sequence and the AGN branch, the sheer size of the SDSS sample still results in a set of ∼ 100 such local objects. These objects can serve as possible local counterparts for our DEEP2 objects, with the added benefit of high S/N photometric, spectroscopic, and morphological information from SDSS. We will make use of this detailed information to understand the cause of the local galaxies' offset in the BPT diagram, and, by extension, the likely cause of the offset among the high-redshift galaxies.
In the following sections, we compare in detail these anomalous SDSS objects against more typical SDSS starforming galaxies. Accordingly, we analyze possible causes for their offset in terms of different physical conditions in the ionized regions, which include H II region electron density, hardness of the ionizing spectrum, ionization parameter, the effects of shock excitation, and contributions from an AGN. We further try to unravel possible connections between physical conditions of these anomalous SDSS objects and their host galaxy properties and use them to interpret our observations of high-redshift star-forming galaxies. . SDSS emission-line galaxies that satisfy the criteria described in §5.2 are shown as grey contours and dots. The dashed line is an empirical demarcation from Ka03 based on the SDSS galaxies, whereas the dotted line is the theoretical limit for star-forming galaxies from Ke01. Nearby star-forming galaxies and H II regions form a well-defined excitation sequence of photoionization by massive stars, below and to the left of these curves. The z ∼ 1.0 − 1.5 DEEP2 objects on average are offset from this excitation sequence, with objects at z ∼1.4 more offset than those at z ∼1.0.
Local Counterparts: SDSS Main and Offset Samples
sured from the stellar-continuum subtracted spectra with the latest high spectral resolution population synthesis models by Bruzual & Charlot (2003) .
Before being further divided into groups with different emission-line diagnostic ratios, our sample was selected from the 567,486 galaxy DR4 sample according to the following criteria:
( (3) The fiber aperture covers at least 20% of the total g-band photons. (4) Stellar population parameter estimates are available in the catalog derived using methods described by Kauffmann et al. (2003b) .
The first criterion on redshift range is the same as that adopted by Tremonti et al. (2004) , which enables a fair comparison with the mass-metallicity relation from their work. The second criterion selects galaxies with wellmeasured emission-line fluxes, required by our study based on emission-line diagnostic ratios. The S/N values were obtained using errors of the emission-line fluxes, which were first taken from the emission-line flux catalog on the MPA DR4 Web site 6 and then scaled by the recommended factors (see the Web site for more details about the emission-line flux error). The third criterion is required to avoid significant aperture effects on the flux ratios (Kewley et al. 2005; Tremonti et al. 2004) . Lower aperture fraction can cause significant discrepancies between aperture and global parameter estimates. The fourth criterion enables a comparison of stellar population properties with diagnostic emission-line ratios. Roughly 30% of the initial set of DR4 galaxies were ruled out because they do not have stellar population parameter estimates; an additional ∼20% was cut out according to the red-6 See http://www.mpa-garching.mpg.de/SDSS/ shift and aperture-coverage constraints. Rules on the S/N in both strong and weak emission lines removed another ∼45% of the objects. In all, these selection criteria leave us with ∼31,000 emission-line objects, shown as grey contours and dots in Figure 7 , which is about 5% of the 567,486 galaxy DR4 sample.
With the exception of one of the 13 DEEP2 objects, which lies on the part of the [N II]/Hα versus [O III]/Hβ diagram populated by many H II/AGN composites, the high-redshift galaxies on average fall between the excitation sequence of typical SDSS star-forming galaxies and the AGN branch. Although many of the DEEP2 objects have a less extreme offset relative to typical SDSS star-forming galaxies than those of the sample of Erb et al. (2006a) , and the most extreme z ∼ 1.4 objects in Paper I, there are still several that are significantly offset from the main sequence. We proceed by studying properties of the SDSS galaxies with similar [N II]/Hα and [O III]/Hβ values to those of the significantly offset DEEP2 objects, and comparing these unusual objects with typical SDSS star-forming galaxies along the excitation sequence. In this sense we further divide the SDSS sample into the "Main", and "Offset" subgroups, as shown in Figure 8 .
Objects in the Main sample are selected to lie below the Ka03 empirical curve, whereas Offset objects are located in between the Ka03 and the Ke01 curves. The Offset sample is also constrained to have log([N II]/Hα) ≤ -0.44 and log([O III]/Hβ) ≥ 0.26, according to the two emission-line ratios of the DEEP2 object with the second largest [N II]/Hα value. We do not use the galaxy with the largest [N II]/Hα value in our DEEP2 sample for the selection criteria of the two line ratios, because the number density in the composite region increases very rapidly as the AGN branch is approached, yet most of our DEEP2 galaxies clearly do not fall in that regime. Also, it is worth pointing out that, while they are significantly displaced from the local excitation sequence, more than half of the DEEP2 objects actually lie below the Ka03 curve. Indeed, the SDSS Offset sample is constructed according to our DEEP2 objects that are offset the most, in order to create a strong contrast with the Main sample. It is also representative of the z ∼ 2 galaxies observed by Erb et al. (2006a) . As we describe in §5.6, the conclusions drawn from this extreme sample are corroborated by the work of Brinchmann et al. (2008) , where objects with less extreme offsets are considered and therefore should be valid for typical objects in our DEEP2 sample. Finally, the Offset sample only covers a certain range of stellar masses, so we further select the Main control sample according to the same stellar-mass range in order to ensure a fair comparison. This leaves us with ∼21,000 objects for the Main sample and 101 objects for the Offset sample. (Evans & Dopita 1985; Veilleux & Osterbrock 1987) . High [O I]/Hα and [S II]/Hα are also produced in gas that has been heated by fast, radiative shocks, which also produce partially ionized shockprecursor regions (Dopita & Sutherland 1995 cm −3 ), and therefore might be suppressed in regions of high electron densities (Dopita 1997; Kewley et al. 2001b ). An- (Kewley et al. 2001a (Kewley et al. , 2006 . It is worth noting here that all objects in the Offset sample have S/N>3 in both [S II] and [O I] emission lines, so this division should not be compromised by spurious measurements. While there may still be a low-level (< 10%) AGN contribution to the spectra of objects classified as starbursts by this scheme, it serves as a rough guide to the range of properties in the Offset sample. This classification leaves us with (1) "Offset-AGN" (43), where objects lie above both the Ke01 curves of the two diagrams; (2) "Offsetambiguous" (33), where objects lie above one Ke01 curve and under the other one; and (3) "Offset-SF" (25), where objects lie below both the Ke01 curves. The division of Offset-AGN and Offset-SF is only based on hardness of the ionizing spectrum and the contribution of shock excitation. We show in Section 5.4 that these two offset samples have different host galaxy properties.
H II Region Emission-Line Diagnostic Ratio, Physical
Conditions, and Galaxy Properties In order to determine the origin of the observed difference in emission-line ratios between the Main and Offset samples, we consider a large set of galaxy properties. Measurements of emission lines as well as photometric, physical, and environmental properties of stellar population are available for our SDSS samples. In this section, we describe the galaxy properties of interest, while in the following section, a comparison of the Main and Offset sample distributions in these properties is presented.
First, using emission-line ratios, we examine the main factors controlling the emission-line spectrum in an H II region, i.e., the gas phase metallicity, the shape or hardness of the ionizing radiation spectrum, and the geometrical distribution of gas with respect to the ionizing sources, which can be represented by the mean ionization parameter and electron density (Dopita et al. 2000) . Several H II region emission-line ratios can be used as diagnostics of these factors.
Apart from the N2 and O3N2 indicators, we also use the ratio N2O2 ≡ log([N II] λ6584/[O II] λλ3726, 3729), suggested by van Zee et al. (1998) , as an abundance diagnostic for SDSS objects, because N2O2 is virtually independent of ionization parameter and also strongly sensitive to metallicity. This indicator is monotonic between 0.1 and over 3.0 times solar metallicity (Dopita et al. 2000; Kewley & Dopita 2002 ). Concerns about reddening correction and reliable calibration over such a large wavelength baseline have hampered the use of this ratio. As shown in Kewley & Dopita (2002) Pagel et al. (1979) , as an abundance indicator, to make comparison with several works (Lilly et al. 2003; Savaglio et al. 2005) , although this indicator has some well-documented drawbacks (e.g. Kobulnicky et al. 1999; Kewley & Dopita 2002 (4000) and Hδ A ; row (3): stellar mass, fiber-corrected specific star formation rate, r-band Petrosian concentration index C = R 90 /R 50 , and color-magnitude diagram; row (4): surface mass density log(µ⋆), SFR surface density log(Σ⋆), R 50 (z), which is the radius enclosing 50% of the Petrosian z-band luminosity of a galaxy, and Hα emission equivalent widths, for the SDSS Main (black dotted line), Offset-AGN (blue dashed line), and Offset-SF samples (red solid line; see §5.2 for more information). For clarity, the distribution functions are normalized to three different levels, with the maxima being 1.0, 0.7, and 0.5 for the SDSS Main, Offset-AGN, and Offset-SF samples, respectively.
R 23 have large separations in wavelength and thus need to be corrected for dust reddening. The Balmer decrement method with the reddening curve of Calzetti et al. (2000) is used to correct these quantities for dust extinction, assuming an intrinsic ratio of Hα/Hβ = 2.78, appropriate for T e = 10, 000 K.
Next, we turn to the question of the stellar populations and structural and environmental properties of the Main and the Offset sample host galaxies. To examine stellar ages, we adopt the narrow definition of the 4000 break denoted as D n (4000) (Balogh et al. 1999) , which is small for young stellar populations and large for old, metal-rich galaxies (Kauffmann et al. 2003b ). We use the Hδ A index as an indicator of recent starburst activities (e.g. Kauffmann et al. 2003b; Worthey & Ottaviani 1997) . Strong Hδ absorption lines arise in galaxies that experienced a burst of star formation that ended ∼0.1-1 Gyr ago. For galaxy morphology, we use the standard concentration parameter defined as the ratio C = R 90 (r)/R 50 (r), where R 90 (r) and R 50 (r) are the radii enclosing 90% and 50% of the Petrosian r-band luminosity of the galaxy. For galaxy size, we study R 50 (z), the radius enclosing 50% of the Petrosian z-band luminosity of a galaxy. We also examine the surface mass density µ ⋆ , defined as M ⋆ /[2πR 2 50 (z)] (Kauffmann et al. 2003c) , the SFR surface densityΣ ⋆ ≡ SFR/[2πR 2 50 (r)], where we use a radius defined in the r band rather than the z band, as it is more appropriate for Hα luminosities. Additional parameters include the fiber-corrected specific star formation rate SFR/M ⋆ , Hα equivalent width (EW), and the color-magnitude diagram (g − i)
0.1 versus M r , where (g − i) 0.1 denotes the (g − i) color k-corrected to z = 0.1, and M r stands for the k-corrected rband absolute magnitude (Kauffmann et al. 2003b ). In order to search for any environmental dependence of the Offset sample properties, we count the number of spectroscopically observed galaxies that are located within 2 Mpc in projected radius and ±500 km s −1 in velocity difference from each object in our SDSS samples. Here we follow the procedures described in Kauffmann et al. (2004) , constructing a volumelimited tracer sample using the SDSS DR4 data.
Comparison with Typical SDSS Star-forming Galaxies
In this section, we compare the properties of Offset and Main sample objects, in terms of their H II region physical conditions, stellar populations, structural parameters, and environments. In particular, we find striking differences in H II region ionization parameter, electron density, galaxy size, and star formation rate surface density. Figure 10 shows relative distributions of diagnostic-line ratios and galaxy properties of the SDSS Main, Offset-AGN, and Offset-SF samples. For clarity, the distribution functions are normalized to three different levels, with the maxima being 1.0, 0.7 and 0.5 for the SDSS Main, Offset-AGN, and Offset-SF samples, respectively.
First, we consider H II region physical conditions. Compared to the Main sample, both Offset samples on average have larger ionization parameters. The Offset-SF and Offset-AGN samples have O 32 = 0.0 and -0.2, respectively, as opposed to -0.7 for the Main sample. Here and throughout, we refer to the median values of the distributions. Since O 32 also depends on metallicity, we need to make a fair comparison for the ionization parameter at a fixed metallicity. Figure 11 shows O 32 as a function of several emission-line diagnostic ratios and galaxy properties. In the lower four panels, we can see that, regardless of which metallicity indicator is used, the Offset-SF sample has bigger O 32 values than the Main sample at a fixed strong-line indicator value. Therefore, the Offset-SF sample has larger average ionization parameter than Main sample objects having similar metallicities, independent of the metallicity indicator. Compared with the Main sample, all indicators except R 23 suggest that the Offset-AGN has higher ionization parameters at fixed metallicities.
The Offset-SF sample also has significantly larger electron densities, on average, than the Main sample ([S II] λ6717/[S II] λ6731 of ∼1.23 compared to ∼1.40, corresponding to electron densities of ∼208 cm −3 compared to ∼47 cm −3 ), whereas the Offset-AGN sample has only slightly higher electron densities than those of the Main sample ([S II] λ6717/[S II] λ6731 of ∼1.37, corresponding to electron densities of ∼67 cm −3 ). As discussed in Paper I, for fixed ionization parameter, metallicity, and input ionizing spectrum, the photoionization models presented in Kewley et al. (2001a) display a dependence on electron density, in the sense that model grids with higher electron density have an upper envelope in the space of [O III]/Hβ versus [N II]/Hα that is offset upward and to the right, relative to model grids with lower electron density. This theoretical shift in the BPT diagram due to increased electron density is qualitatively reflected in the properties of Offset-SF objects.
Next, we consider photometric and spectroscopic stellar population properties. The Offset-SF sample is similar to the Main sample in terms of median color [(g − i) 0.1 ∼ 0.64 compared to ∼0.66], stellar age [the same value of D n (4000) = 1.24], and fiber-corrected specific star formation rates (the same value of log((SFR/M ⋆ ) yr −1 ) = −9.7), whereas the Offset-AGN sample has redder colors [(g − i) 0.1 of ∼0.86], older stellar ages [D n (4000) = 1.50], and lower specific star formation rates (log((SFR/M ⋆ ) yr −1 ) = −10.0). Also, the Offset-SF sample has a larger Hα EW than the Main sample (62 compared to 40 ), whereas the Offset-AGN sample has a much smaller Hα EW (15). The Offset-SF sample has a smaller burst fraction in stellar mass than the Main sample (Hδ A of 4.3 compared to 5.5), while the discrepancy between the Offset-AGN and Main samples is even larger (Hδ A of 3.3 compared to 5.5).
In terms of galaxy structure, the Offset-SF sample has larger concentration (C = 2.58 compared to 2.36), smaller half-light radii [R 50 (z) ]. In terms of environment, we find that 90%-95% of objects in the Main, Offset-SF, and Offset-AGN samples have zero or one neighbor, the lowest density bin in Kauffmann et al. (2004) . Furthermore, the distributions of environments for the Offset samples are similar to that of the Main sample. Therefore, it appears that the vast majority of galaxies considered here reside in the lowest density environment defined by Kauffmann et al. (2004) . This result is not surprising, as our SDSS samples all contain emission-line galaxies, which are more likely to be found in low-density environments ). Currently we have too few Offset objects to draw any solid conclusion about the question on galaxy environmental dependence. Groves et al. (2006) suggest that the offset on the BPT diagram seen in some high-redshift galaxies is mostly caused by contribution from AGNs, as they found properties of their candidate low-metallicity H II/AGN composites similar to those of the host galaxies of AGNs (Kauffmann et al. 2003a; Heckman et al. 2004 ); these objects have on average significantly higher stellar masses, older stellar populations, and redder colors than the sample of pure star-forming galaxies used for comparison. Groves et al. (2006) line is not redshifted into the SDSS band for the majority of our objects: we have only four such objects in Offset-AGN, of which the spectra near [Ne V] λ3426 are too noisy to provide any meaningful constraints. The He II λ4686 line is expected to be very weak: a 20% AGN contribution to Hβ implies He II/Hβ = 0.05. Note that besides the AGN photoionization, possible mechanisms for producing He II emission also include hot stellar ionizing continua and shock excitation (Garnett et al. 1991) . Another important goal is to infer metallicities of the Offset-SF objects using a method that is independent of strong-line indicators, since these objects have abnormal strong-line ratios. A more calibration-independent way to address metallicity is through the classic T e method, which relies on measuring weak auroral lines. Both the test of the presence of AGNs, and the determination of metallicity with the direct T e method, require the measurement of very weak lines. These measurements become feasible through the use of composite spectra.
SDSS Composite Spectra
In order to measure He II λ4686 as another test of possible AGN contribution to the ionizing spectrum, and [O III] λ4363 to infer the oxygen abundance using the T e method, we construct composite spectra for both Offset-SF and Offset-AGN objects. For comparison, we also make composite spectra for the Main sample. We adopt the same method of making composite spectra used for our DEEP2 objects, employing median scaling to preserve the relative fluxes of the emission features. The variance spectrum is combined in the same way and the error for the corresponding composite spectrum is the square root of the composite variance spectrum divided by the number of objects.
The stellar continuum was modelled over the rest-frame wavelength range of 3800 -7500 and then subtracted from the composite spectra, with a method similar to the one described in Tremonti et al. (2004) and Brinchmann et al. (2004) . This technique (Charlot & Bruzual 2007, private communication) relies on the Bruzual & Charlot (2003) stellar population synthesis model, but with two major improvements. First, the number of the metallicity grids was expanded from three to four; second, and most importantly, the stellar continuum fitting was carried out using both the STELIB (Le Borgne et al. 2003 ) and the MILES (Sánchez-Blázquez et al. 2006) libraries of observed stellar spectra. Models using the MILES library fit the data better than those with the STELIB one, in terms of the agreement around Balmer lines. It is especially essential to obtain a reasonable stellar continuum fit near Hγ, which is very close in wavelength to the weak [O III] λ4363 auroral line. Models using the STELIB library tend to overestimate stellar continua, especially around Balmer lines. We therefore adopt the stellar continuum models based on the MILES library.
The resultant continuum-subtracted spectra, along with the original composite spectra and the best-fit model of the stellar continua, are shown in Figure (12) . We only present portions of the entire composite spectra to enable scrutiny of the relevant weak lines ([O III] λ4363 and He II λ4686) and our capability of making a reasonably good stellar continuum fit. The corresponding error spectra are estimated by combining the measurement error for the composite spectra and the systematic uncertainties from the stellar continuum fitting. The systematic error from the stellar continuum fitting is estimated using the rms of a portion of the continuum-subtracted spectrum, which is relatively free of emission-line features. This method of estimating continuum fit error is motivated by the fact that the rms would be zero if the fitting was ideally good and if there were no emission-line features. At all of the wavelengths considered, the systematic error is significantly larger than the measurement error for the composite spectra and therefore dominates the total error budget. Emission-line fluxes and flux ratios with the total uncertainties are given in Table 5 .
There are a few caveats that must be mentioned in the analysis of composite spectra described here. First, we are averaging over tens of thousands of galaxies for the SDSS Main sample and dozens of galaxies for the Offset-SF and Offset-AGN samples; second, for each single galaxy, we are dealing with integrated spectra containing contributions from multiple H II regions, which may show a range of metallicities, ionization parameters, ionizing spectra, and electron densities. Also, even though we select the samples to have fiber apertures covering more than 20% of the total g-band photons, because of the presence of radial gradients in galaxy properties, uncertainties still remain since the spectrum is weighted towards the nucleus. Despite these caveats, however, we want to emphasize that the analysis of composite integrated fibrebased spectra is still meaningful in terms of determining average properties and the relative differences among samples.
AGN Contribution
The composite spectra we construct can be used to address the level at which AGN ionization contributes to the anomalous emission-line ratios, discovered in both nearby SDSS Offset objects and high-redshift DEEP2 galaxies. Based on their [S II]/Hα and [O I]/Hα ratios, we expect the Offset-AGN objects to have a non-negligible contribution to their ionization from AGNs and/or shock heating. Based on the composite spectrum, we can also probe the weaker He II line, which is another indicator of AGN activity.
From the He II/Hβ ratio (0.054±0.006), we can see that the Offset-AGN sample may have up to ∼20% AGN contribution to the Balmer emission lines ). The Offset-SF sample, on the other hand, shows a lower level of possible AGN contamination (He II/Hβ of 0.039±0.002). This distinction is also suggested by the different host-galaxy properties of the two samples. The Offset-AGN objects with similar stellar masses to the Main sample have redder colors, older stellar populations, lower starburst stellar mass fraction, smaller Hα EWs, and smaller specific star formation rates, which are similar to host galaxies of AGN (Kauffmann et al. 2003a) , whereas the Offset-SF sample is similar to the Main sample in terms of these galaxy properties. Furthermore, by construction, the Offset-SF objects have low [S II]/Hα and [O I]/Hα in the range favored for typical star-forming galaxies.
We note, however, that the Offset-SF sample still has a higher value of He II/Hβ than the Main sample (0.009±0.001). There might be some mixing with the Offset-AGN objects because of uncertainties in emission-line diagnostic ratios. Indeed, three objects in the Offset-SF sample have cross-identifications with ROSAT sources, and two of them have optical spectra indicating broad Balmer lines. However, ∼90% of the Offset-SF sample show no evidence of AGNs in terms of ROSAT -source cross-identifications and broad Balmer lines. In addition, we have examined the He II/Hβ ratios from individual galaxy spectra in the Offset-SF sample, finding that five objects (including the three with ROSAT cross-identifications) of the 25 have He II/Hβ ∼ 0.05-0.10, while the remaining 20 objects all have He II/Hβ 0.01, similar to the typical He II/Hβ of the Main sample. Even the five objects with He II/Hβ ∼ 0.05-0.10 could have other possible ionizing sources including hot stars and shocks (Garnett et al. 1991) . It is worth mentioning that nondetection in ROSAT or broad Balmer lines cannot fully exclude the possibility of AGN contamination, as the majority of obscured AGNs are completely absorbed in the soft X-ray range and do not show broad Balmer lines. However, if the dominant cause of the Offset-SF on the BPT diagram for our Offset-SF sample was mildly obscured AGN contamination, namely, if their optical spectra were contaminated by AGN ionization at a lower level than the Offset-AGN sample, then we would expect them to exhibit intermediate emission-line diagnostic ratios and host-galaxy properties, relative to the Main and the Offset-AGN samples. This is not the case. Instead, the Offset-SF objects have even higher ionization parameters and electron densities than the Offset-AGN sample, relative to the Main sample. In addition, as discussed in §5.4, Offset-SF objects have host-galaxy properties different from those of typical weak AGNs in SDSS (Kauffmann et al. 2003a) . Therefore, it appears that AGN excitation does not provide the dominant cause of the anomalous emission-line ratios for most of the Offset-SF sample.
Electron Temperature and Oxygen Abundance
By making composite spectra, and hence enhancing the S/N of weak auroral lines, we can determine metallicities with a method independent of strong-line indicators. We have already discussed the fact that the Offset-SF objects have larger ionization parameters, as indicated by their higher O 32 values. However, it is still unclear whether the Offset-SF sample has comparable metallicity with the Main one, on average, as suggested by N2 and N2O2, or if it has ∼0.3 dex lower metallicity, as suggested by O3N2 and R 23 . Settling this question is important for multiple reasons.
First, gas-phase metallicity and electron temperature, themselves, serve as key parameters of H II regions. Second, understanding the relative metallicities of the Main and the Offset-SF samples on average can help us determine the difference in average ionization parameter quantitatively. If the Offset-SF sample has comparable metallicities with the Main sample, their ionization-parameter difference would be very large; on the other hand, if the Offset-SF sample has much lower metallicities than the Main one does, their ionizationparameter difference would be much smaller, since both lower metallicity and higher ionization parameter can cause large O 32 . Finally, if the Offset-SF objects actually have much lower metallicities than the Main objects, then they will not follow the local mass-metallicity relation , given their comparable stellar masses.
In order to determine oxygen abundances using the direct method, estimates of both the electron density and temperature are required. Based on the ratio [S II] λ6717/[S II] λ6731, we establish that on average all of our objects are in the low-density regime. Then using the five-level atom program nebular implemented in IRAF/STSDAS (Shaw & Dufour 1995) (Osterbrock 1989) and correct for dust extinction using the Balmer decrement method. As for T [O II], we adopt a simple scaling relation between the temperatures in different ionization zones of an H II region predicted by the photoionization models of Garnett (1992) : using programs in the nebular package, and, finally, we obtain the total gas phase oxygen abundance assuming O/H = (
The results are summarized in Table 6 . First, the Offset-SF sample has ∼2200 K higher electron temperatures than the Main one does on average. These objects are unusual in the sense that they have higher electron densities and electron temperatures, hence ambient interstellar pressures assuming pressure equilibrium between H II regions and ambient gas, and larger ionization parameters. It is not clear what is at the root of the special H II region physical conditions, in terms of galaxy properties, or larger scale environments. However, in the simple theoretical estimates for local starburst galaxies, the ISM pressure scales roughly linearly with the SFR surface density (e.g., Thompson et al. 2005) . Indeed, the Offset-SF sample has several prominently related properties, including higher concentration (r-band Petrosian concentration index R 90 /R 50 of ∼2.6 compared to ∼2.4), smaller half-light radii [R 50 (z) of 1.2 kpc compared to 1.9 kpc], and most notably, higher SFR surface density [log(Σ ⋆ ) of -0.86 M ⊙ yr −1 kpc −2 compared to -1.12 M ⊙ yr −1 kpc −2 )], as shown in Figure 10 , compared to typical star-forming galaxies. This higher SFR surface density may therefore account for the higher interstellar pressure seen in the H II regions of Offset-SF objects.
It is also possible to relate electron temperature, electron density, and ionization parameter in a single H II region, through the classical picture of Strömgren (1939) . With higher ambient interstellar pressure due to higher electron densities and temperatures, H II regions are surrounded by denser molecular gas dust and therefore have smaller radii under the stall condition. In an idealized case of a fully ionized spherical H II region with pure hydrogen, the radius R of the ionized region is given by R = [3Q/(4πN 2 e α B )] 1/3 , where Q is the rate of emission of hydrogen ionizing photons, and α B is the case B recombination coefficient (Osterbrock 1989 for a given central hot star. Therefore, in this simple picture, H II regions with higher electron densities and temperatures will have higher ionization parameters. Accordingly, the higher electron densities and temperatures inferred from the integrated spectra of the Offset-SF objects may result in the observed higher ionization parameters as well.
Second, the Offset-SF sample has ∼0.16 dex lower metallicities than the Main sample. Note that the absolute abundance values inferred using the T e method are significantly lower than those based on any strong-line indicators. This difference may stem from temperature fluctuations in H II regions and the strong T e dependence of line emissivities, from which the net effect is that the electron temperature derived from auroral lines tends to overestimate the real temperature and hence systematically underestimate the abundance (Garnett 1992) . Therefore, we only focus on relative differences based on the same method between the Offset-SF and Main samples. Given that the Offset-SF and Main samples are characterized by similar average stellar masses, this difference in average metallicity suggests that Offset-SF objects do not follow the local mass-metallicity relation, in addition to being more compact and sustaining higher interstellar pressures than the Main sample.
To investigate this question further, we examine several versions of the mass-metallicity relation for the Offset-SF and the Main objects, based on different strong-line metallicity indicators. Figure 13 includes these mass-metallicity correlations for both the Main and the Offset-SF samples, demonstrating that one would draw different conclusions about the relationship between the Offset-SF and the Main samples, depending on which strong-line indicator was used. Between the Main and Offset-SF samples, the relative average metallicity differences at fixed mass based on R 23 , N2, O3N2, and N2O2 are ∼0.28, 0.00, 0.18, and 0.00 dex, respectively. This ambiguity could be understood as the result of adopting the same calibration for samples with different physical conditions, of which the most important are ionization parameter and electron density.
The discrepancy between conclusions drawn from the strong-line indicators and the T e method can be understood using the photoionization models of Kewley & Dopita (2002) . For example, according to R 23 , the average metallicity difference between the Offset-SF and Main samples is ∼0.28 dex, whereas this metallicity difference based on the T e method is ∼0.16 dex. This ∼0.12 dex discrepancy can be explained by examining the theoretical grids in the R 23 versus 12 + log(O/H) space, given by photoionization models with different values of electron density and ionization parameter. If the incorrect assumption is adopted that both the Main and Offset-SF samples have electron densities N e ∼ 10 cm −3 and ionization parameters q = 3 × 10 7 cm s −1 -values appropriate for the Main but not Offset-SF sample -we obtain that the Offset-SF sample is ∼ 0.25 dex lower in oxygen abundance than the Main sample. On the other hand, if an electron density N e ∼ 350 cm −3 and ionization parameter q = 5 × 10 7 cm s −1 are assumed for the Offset-SF sample -more appropriate based on their inferred H II region physical conditions -the difference in estimated Main and Offset-SF oxygen abundance is only ∼0.10 dex. This difference is ∼0.15 dex smaller than the one inferred with the incorrect assumption that the Offset-SF and Main samples have the same electron densities and ionization parameters. The actual difference in electron density between the two samples is less extreme (N e ∼ 190 cm −3 of the Offset-SF compared to N e ∼ 28 cm −3 of the Main), so this discrepancy may be smaller, as observed (∼0.12 dex). Analogous effects occur for the N2 and O3N2 indicators.
In summary, the metallicities of the Offset-SF objects based on strong-line indicators can be either overestimated or underestimated, depending on the relative shifts of the theoretical grids caused by varying physical conditions, and an incorrect assumption of the values of ionization parameter and electron density. For the SDSS Offset-SF sample, the metallicities based on strong-line indicators can either be systematically too large by ∼0.16 dex (N2, N2O2), or too low by ∼0.12 dex (R 23 ). The bias of O3N2 is little (too large by ∼0.02 dex) for our SDSS Offset-SF objects, although it may not always be negligible given other ranges of physical conditions in terms of metallicity, ionization parameter, and electron density. The reason for the Offset-SF objects' anomalous positions on the BPT diagram is the same: H II regions with distinct ionization parameters and electron densities fall on different surfaces in the diagnostic-line parameter space.
One caveat that should be mentioned here is the fact that we are inferring average biases over the stellar mass and metallicity ranges spanned by the Offset-SF sample. Another caveat is that results of the SDSS data are all based on integrated fiber spectra and hence limited in terms of spatial information. We plan to further study the spatial dependence of H II region emission lines in these offset objects using long-slit spectrographs in the future.
Implications for DEEP2 Objects
We have analyzed emission-line diagnostic ratios, physical conditions and galaxy properties of SDSS objects with similar [N II]/Hα and [O III]/Hβ values to those of DEEP2 galaxies with the most extreme offset in our sample, and z ∼ 2 starforming galaxies (Erb et al. 2006a ). There are two major causes for their offset: one is different H II region physical conditions characterized by higher electron density and temperature, and hence larger ionization parameter, compared to typical SDSS star-forming galaxies. These physical conditions of the SDSS Offset-SF objects are also connected to their host galaxy properties, particularly the higher SFR surface density. The other possible cause for the offset is contribution from AGNs and/or shock excitation. We cannot rule out either of these two possibilities, or a combination of both, to explain the offset of DEEP2 objects on the diagnostic diagram.
As for the question of H II region physical conditions, it is possible to determine electron densities for our DEEP2 objects using the [O II] doublet contained in the DEIMOS spectra. Note that we will not directly compare electron densities of the z ∼ 1.0 − 1.5 objects to those of SDSS local galaxies, because they were estimated using different density-sensitive doublets, and therefore the comparison might suffer from the associated systematic uncertainties. However, when we divide all of the objects in our DEEP2 sample that have ] of 190±12 for the Offset-SF compared to 28±5 for the Main), lending independent support for our method of using Offset-SF objects as local analogs for the H II regions in our high-redshift sample. In principle, we could examine the ionization parameter indicator, O 32 , for our DEEP2 objects, using [O II] from DEIMOS and [O III] from NIRSPEC spectra. However, at this point, the comparison does not seem useful, as it would suffer from large systematic uncertainties, due to the manner in which the optical and near-IR spectra were collected and flux-calibrated.
A related question is whether objects that are more offset in the [N II]/Hα versus [O III]/Hβ diagram have higher average SFR surface density than objects with less offset within our DEEP2 z ∼ 1 − 1.5 sample. The spatial extent of Hα emission contains information about galaxy sizes. However, we can only measure the extent along the slit, which does not necessarily reflect the actual galaxy size. In addition, the size estimated from the spatial extent of Hα emission is subject to uncertainties due to the variation in the seeing FWHM, which is comparable to the Hα size itself. As we do not have reliable estimates for the sizes of our DEEP2 objects, the above question can be finally answered only when the galaxy morphological information is robustly gathered. Furthermore, the SFRs of our DEEP2 objects have not been corrected for dust extinction or aperture effects, which may amount to factor of 2 differences (Erb et al. 2006b ). Limited by the associated systematic uncertainties, we are not able to compare the SFR surface densities of our DEEP2 objects directly with those of the SDSS samples. However, after correcting the SFRassociated systematic uncertainties for their z ∼ 2 sample, Erb et al. (2006c) found a mean log(Σ ⋆ ) ≈ 0.46, significantly higher than that of SDSS local star-forming galaxies. In addition, observational evidence exists that the galaxy size at fixed mass/luminosity decreases with increasing redshift out to z ∼ 3 (Trujillo et al. 2006; Dahlen et al. 2007 ). At the same time, galaxies with star formation rates significantly higher than those found among typical SDSS emission-line galaxies are more commonly found at higher redshifts (e.g., Dahlen et al. 2007; Reddy et al. 2007) . Therefore, galaxies with high SFR surface densities are more prevalent in the high-redshift universe. For such objects, a noticeable difference in H II region physical conditions is expected.
As for the question of AGN contribution, the DEEP2 object 42010637 clearly falls on the part where many objects have contribution from AGNs in their ionizing spectra. However, it does not have multi-wavelength information that can either confirm or rule out the AGN excitation. In addition, all of the z ∼ 2 objects with [O III]/Hβ and [N II]/Hα measurements are offset by an amount similar to our most extremely offset z ∼ 1.0 − 1.5 objects but show no evidence of AGN contamination in at least their rest-frame UV spectra (Erb et al. 2006a ). The lack of such evidence in the restframe UV rules out the presence of at least a fairly unobscured AGN. Note that Daddi et al. (2007) find that roughly 20-30% of star-forming galaxies with M ∼ 10 10 -10 11 M ⊙ at z ∼ 2 display a mid-IR excess, as evidence for hosting an obscured AGN. These authors show that this fraction increases with stellar mass, reaching ∼50-60% for an extreme mass range of M > 4 × 10 10 M ⊙ . Our DEEP2 z ∼ 1.0 − 1.5 sample covers a range of M ∼ 5 × 10 9 -10 11 M ⊙ , not all of which are in the "massive" range of Daddi et al. (2007) , and only two of 20 are in the extreme range. If the mid-IR excess, hence AGN contamination, found by Daddi et al. (2007) is also applicable to our DEEP2 z ∼ 1.0 − 1.5 objects, the fraction of objects containing potential AGN contamination would be at most ∼ 20%-30%. However, nine (or 10, one with a lower limit) of the 13 objects in our sample with all four line measurements show evidence for being offset in the [O III]/Hβ versus [N II]/Hα BPT diagram (i.e., more than 20-30%). More generally, the associated space densities of both the blue DEEP2 galaxies (Coil et al. 2008 ) and UV-selected z ∼ 2 objects for which we have NIRSPEC spectra (Adelberger et al. 2005; Reddy et al. 2007 ) are significantly higher than that of the obscured AGN population featured in Daddi et al. (2007) . Therefore, as one of the possible causes for the offset on the BPT diagram, AGN contamination cannot account for nor is consistent with all the rest-frame optical emission-line measurements presented here.
We will address the AGN-contamination issue in the future by looking at more DEEP2 objects for which multiwavelength information is available and obtaining spatially resolved spectra with an integral field unit assisted by adaptive optics to isolate the contribution from the nucleus. Also, the measurements of flux-calibrated emission lines including [O III] λ4363 may be difficult to measure for all but the most metal-poor objects or in deep z ∼ 1 composite spectra, and intensity limits on [O I] λ6300 may also be difficult to obtain. Yet measurements of the stronger emission lines for a statistical sample of objects at z ≥ 1 will be feasible with the next generation of ground-based multi object near-IR spectrographs.
In an independent study, Brinchmann et al. (2008) have also analyzed the possible causes for the high-redshift galaxies' offset in the BPT diagram, using theoretical models of nebular emission from star-forming galaxies (Charlot & Longhetti 2001) and the SDSS DR4 data. They have found a relationship in SDSS galaxies between their location in the BPT diagram and their excess specific SFRs and larger Hα EWs relative to galaxies of similar mass. We note that they have only examined SDSS star-forming galaxies below the Ka03 curve, whereas our SDSS Offset samples have been selected to be above this curve, in order to probe exactly the regime where the most offset objects in our DEEP2 z ∼ 1 − 1.5 sample and the Erb et al. (2006a) z − 2 star-forming galaxies reside. Brinchmann et al. (2008) have inferred that an elevated ionization parameter U is at the root of the excess specific SFRs of the more offset objects within their pure star-forming galaxy sample and further speculated that higher electron densities and escape fractions of hydrogen ionizing photons might be the factors responsible for the systematically higher values of U in the H II regions of high-redshift galaxies. Using a different technique and sample of galaxies, we have reached a similar conclusion about the higher ionization parameter and larger Hα EWs in our SDSS Offset-SF samples. In addition, we have also uncovered that the higher electron density and temperature, hence higher interstellar ambient pressure, is at the root of the higher ionization parameter. We have further shown that these unusual H II region physical conditions are well connected to the higher SFR surface density of host galaxies. The trend of higher electron density with increasing BPT diagram offset found within our DEEP2 z ∼ 1−1.5 sample, and the observational evidence that galaxies with high SFR surface densities are more prevalent at high redshifts, lend further support to our conclusions drawn based on the SDSS local emission-line galaxies.
These differences discovered in H II region physical conditions, which may commonly apply to z ∼ 1 − 1.5 star-forming galaxies, must be taken into account when strong-line abundance indicators are used to study the evolution of galaxy metallicity with redshift. The resulting systematic bias in inferred oxygen abundance can be estimated quantitatively either via detailed photoionization models, given the difference in H II region physical conditions inferred from the relevant density-and ionization parameter-sensitive line ratios, or through empirical comparisons, as we have illustrated for the SDSS Main and Offset-SF samples.
We have shown in §5.5.2 that, for the SDSS Offset-SF objects, the metallicities based on various strong-line indicators can either be systematically too large by ∼0.16 dex (N2, N2O2) or too low by ∼0.12 dex (R 23 ). For N2 in particular, the inferred metallicities of the SDSS Offset-SF objects can be systematically too large by ∼0.16 dex, which is already comparable to the inherent scatter in the N2 calibration (1 σ dispersion of 0.18 dex; Pettini & Pagel 2004 ). This systematic bias may be even larger if the actual difference in H II region physical conditions is more extreme. In addition, we note that this systematic uncertainty stemming from the difference in H II region physical conditions has different effects from that of the inherent scatter in the calibration, when the strong-line relation calibrated with local H II regions is applied to high-redshift star-forming galaxies. As there is evidence that the average ionization parameter and electron density in high-redshift star-forming galaxies are systematically higher than the local typical values, there will be a systematic "bias," instead of a scatter as a result. For example, the N2-based metallicities for the DEEP2 z ∼ 1.4 sample may be systematically overestimated by as much as ∼ 0.16 dex. Furthermore, as discussed in §4, the fact, that our DEEP2 z ∼ 1.4 sample is more offset from the local excitation sequence than the z ∼ 1.0 sample, may result in N2-based metallicities that are more significantly overestimated as well. This effect may cause the apparent reverse trend of average O/H with redshift within the DEEP2 sample, such that the z ∼ 1.4 sample is described by apparently higher metallicities at fixed stellar mass than the one at z ∼ 1.0, despite the general trend of increasing O/H towards lower redshift. The reverse trend within the DEEP2 sample based on O3N2 is less significant than that based on N2, which is consistent with the fact that the O3N2-based metallicity bias due to the offset in the BPT diagram is much less than that of N2.
In addition, we can quantify the potential bias for the sample of star-forming galaxies at z ∼ 2 presented by Erb et al. (2006a) . If the four z ∼ 2 objects with the full set of Hβ, [O III] λ5007, Hα, and [N II] λ6584 measurements are representative of the larger population of star-forming galaxies in Erb et al. (2006a) in terms of diagnostic line ratios, such that the z ∼ 2 star-forming galaxies are even more significantly offset than the DEEP2 z ∼ 1.4 sample on average, then their metallicities based on N2 would also be overestimated by ∼0.16 dex. Therefore, the true metallicity offset between the Erb et al. (2006a) z ∼ 2 sample and local SDSS objects may be as much as ∼0.16 dex larger than it appears now in Figure  (6a) . Accounting for the systematic differences in converting strong emission-line ratios to oxygen abundances is therefore a crucial component of comparing galaxy metallicities at different redshifts.
6. SUMMARY We have compiled a sample of 20 star-forming galaxies at 1.0 < z < 1.5 drawn from the blue cloud of the color bimodality observed in the DEEP2 survey, to study the correlation between stellar mass and metallicity, across a dynamical range of 2 orders of magnitude in stellar mass, as well as H II region physical conditions at this redshift range. In order to gain some insights on the causes of the offset in the BPT diagram observed in high-redshift star-forming galaxies, we have examined the H II region diagnostic line ratios and host galaxy properties of the small fraction of SDSS galaxies that have similar diagnostic ratios to those of the DEEP2 sample. Our main results are summarized as follows:
1. There is a correlation between stellar mass and gasphase oxygen abundance in DEEP2 star-forming galaxies at z ∼ 1.0 and at z ∼ 1.4. We have found that the zero point of the M − Z relationship evolves with redshift, in the sense that galaxies at fixed stellar mass become more metal-rich at lower redshift, by comparing the 1.0 < z < 1.5 sample with UV-selected z ∼ 2 and SDSS local star-forming galaxies. At the low-mass end (M ⋆ ∼ 8 × 10 9 M ⊙ ), the relation at 1.0 < z < 1.5 is offset by ∼0.2 (0.35) dex from the local mass-metallicity relation according to the N2 (O3N2) indicator. The N2-based offset could be larger by as much as ∼0.16 dex, when the systematic bias due to difference in H II region physical conditions between 1.0 < z < 1.5 and the local universe is taken into account. At the high-mass end (M ⋆ ∼ 5 × 10 10 M ⊙ ), the metallicity offset between the DEEP2 1.0 < z < 1.5 sample and the local SDSS sample is at least ∼ 0.2 dex, according to the O3N2 indicator.
2. As observed previously for a very small sample of highredshift galaxies, on average our new DEEP2 sample at 1.0 < z < 1.5 is offset from the excitation sequence formed by nearby H II regions and SDSS emissionline galaxies. By examining the small fraction of SDSS galaxies that have similar diagnostic ratios to those of the DEEP2 sample, we have found two likely causes for the anomalous emission-line ratios. One is the contribution from AGN and/or shock excitation at the level of ∼ 20%. The other is the difference in H II region physical conditions, characterized by significantly larger ionization parameters, as a result of higher electron densities and temperatures, and hence higher interstellar ambient pressure, than the typical values of local starforming galaxies with similar stellar mass. These unusual physical conditions are possibly connected to the host-galaxy properties, most importantly smaller sizes and higher star-formation rate surface densities. Our conclusion drawn from analyzing the SDSS data has been further verified by the fact that the DEEP2 objects more offset from the local excitation sequence in the BPT diagram also have higher electron densities than those closer to the local sequence. We cannot rule out either the contribution from AGN and/or shock excitation, or the difference in H II region physical conditions, for the unusual emission-line diagnostic ratios of high-redshift star-forming galaxies.
3. We have quantified the effects of different H II region physical conditions on the strong-line metallicity calibrations. The direct electron temperature method was used to estimate the "true" metallicity difference between offset SDSS objects with anomalous line ratios and more typical objects of similar stellar mass. Strongline indicators were also used to estimate this difference. A comparison of these results reveals potential biases in the strong-line indicators. According to our test, the metallicities based on strong-line indicators can either be systematically too large by ∼0.16 dex (N2, N2O2), or too low by ∼0.12 dex (R 23 ), for objects with similar H II region physical conditions to those observed in high-redshift galaxies. The bias of O3N2 is much less significant (too large by ∼0.02 dex) for offset SDSS objects with anomalous line ratios, although it may not always be negligible given other ranges of physical conditions in terms of metallicity, ionization parameter, and electron density.
The difference in H II region physical conditions, which may commonly apply to z ∼ 1.0 − 1.5 star-forming galaxies, must be taken into account when strong-line abundance indicators are used to study the evolution of galaxy metallicity with redshift. There are at least two methods to remove the systematic bias from the effect of significantly different H II region physical conditions on the strong-line abundance calibrations. One is to gather the abundance information with direct T e method for a sample of high-redshift H II regions as the calibration sample, which may be hard to achieve, as auroral lines are difficult to measure except for very metalpoor objects or in deep, composite spectra. The other, which is currently feasible yet relies on photoionization models, is to quantify the biases in strong-line indicators when certain physical conditions are present and then compensate the biases when inferring abundances from strong-line indicators for high-redshift galaxies.
In this study we have presented evidence that high-redshift star-forming galaxies possess distinct H II region physical properties, as characterized by on average larger ionization parameters, higher electron densities, and temperatures, which are possibly connected to their relatively smaller sizes and higher SFR surface densities. These conditions may be quite common during the epoch at z ≥ 1 when at least 50% of the local stellar mass density was formed (Bundy et al. 2006; Drory et al. 2005 ). Therefore, they should be characterized in more detail for a full understanding of the star formation history of the universe as well as the buildup of heavy elements in galaxies. The next generation of ground-based near-IR multi-object spectrographs will play a key role in assembling rest-frame optical emission-line measurements for large samples of high-redshift galaxies, enabling the detailed study of star-forming galaxies in the early universe.
